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WE I GHTLESSNESS- AND.!ARTI El.CI.AL GRAVlTATl O N  

Ya. M .  Shapiro 

ABSTRACT: T h i s  work involves theore t ica l  evaluat 
p o s s i b i l i t y  o f  achieving simulated weightlessness 
la ted  gravi ta t ion  over long periods o f  time. Inc 
mathematical def in i t ion  of weightlessness. It is 

on of t h e  
and simu- 
uded i s  a I 

shown t h a t  
t h e  period o f  weightlessness achievable i n  an a i r c r a f t  f l y i n g  
a parabol ic  c u r v e  i s  less than 2 m i n u t e s .  The conditions of 
t h e  creation o f  a r t i f i c i a l  g rav i ta t ion  i n  a s a t e l l i t e  a r e  
d e f i n e d  and some of  t h e  problems associated w i t h  t h e  dyna- 
mics of a s o l i d  body under t h e  condltions o f  a r t i f i c i a l  _ _ -  - - I _  _ -  

._. - gravi ta t ion  a r e  examined, 
_--- 
- .  

/15S1 - Determination of We i ght 1 essness 

A body i n  a l t e rna t ing  motion i s  i n  a state of*weightlessness when t h e  
main vector o f  the -surface - forces  - actin-g-on--it - are'equal-to- zero T --I--- 

---- 
- 

Aerodynamic and reac t ion  forces  a r e  the  sur face  forces  f o r  any f ly ing  - 
apparatus.  
spacecraf t ;  

They are  equal t o  zero under the  conditions of the  motion of a 

A body i n  the  state of weightlessness may experience in t e rna l  forces  -_ 
caused by surface forces .  
Close t o  atmospheric pressure.  
i n t e rna l  forces  of compression while the  body of  the spacecraf t  experiences 
.forces of  expansion, although, both a re  i n  a s t a t e  o f  weightlessness.  I t  i s  
na t  t he  absence o f  i n t e rna l  forces t h a t  i s  c h a r a c t e r i s t i c  of the conditions 
0-f weightlessness,  bu t  t h e i r  constancy for a l l  po in ts  of t h e  body, i.e., t h e  
gradient  of i n t e rna l  forces  is  equal t o  zero. 

- 
'conditions where the dimensions of  t h e  body a r e  small i n  comparison with 
The dis tance t o  the  center  o f  g rav i t a t ion .  

A i r  p r e s su re . in  a spacecraf t  i s  of ten  maintained 
The body of a cosmonaut thus experiences 

- 
'-- 

The determination of  weightlessness described here in  i s  va l id  f o r  t h e  -- 

During motion i n  the  cen t r a l  Newtonian f i e l d  o f  grav i ta t ion ,  a l t e rna t ing  -.- . in te rna l  forces  develop i n  a body. These forces  a r e  caused by t h e  i r r e g u l a r i t y  
,of t he  g rav i t a t iona l  f i e l d .  By considering a body, f o r  s impl ic i ty ,  as  a 
r- II 
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--- -. - * _  

- uniform beam f a l l i n g  f r e e l y  t o  the  center  of  grav i ta t ion ,  i t  i s  easy t o  show 
- t h a t  t he  grea tes t  expanding forces w i l l  occur i n  the cross-section of t h e  beam 
:p-assing through the cent& of it's--mas:s .: ..-:?i$is_ i s  found from the expression _ .  - - - -  
- 
.-- 
Vhere i s  the  length of t h e  beam, 

R i s  the  d is tance  from i t s  center  t o  t h e  center  o f  grav i ta t ion ,  
Q i s  the  force  o f  a t t r a c t i o n  of  t he  beam t o  the  center  of 

- 
- c I  -- - 

- gravi ta t ion .  

/156 - 
By assuming f o r  a near-ear th  s a t e l l i t e  - 

w e  f ind:  
.- 

- 
- This value may be disregarded. 
_ .  

Art i f i c i  a1 We i gh t 1 essness - =  
d - 4  

.-- F rom-the- de f -in ition-0.f-w e i gh t3 es sne s-s-g i ven---he're- w e -der%ve the- me tho d--- - 

of c rea t ing  a r t i f i c i a l  weightlessness.  I f  we maintain the  condition on t h e  
a i r c r a f t  under which the  t h r u s t  of the  engine 7 :at qy -gkven  .moment i s  equal 

-.. t o  the  sum o f  the  aerodynamic forces  K, the  a i r c r a f t  w i l l  be i n  a s t a t e  o f  
L' weightlessness and w i l l  move i n  a parabol ic  t r a j e c t o r y  l i k e  a body tossed 

i-nto a vacuum. -- 
We w i l l  evaluate  t h e  durat ion of continuous weightlessness, assuming t h a t  1 

i 
..- 

-- .an a i r c r a f t  of a l t i t u d e  h a t t a i n s  maximum veloc i ty  vmax at  an angel c1 t o  t h e  
1 . -  . 

4.J 

horizon and t r ave l s  i n  a parabol ic  t r a j ec to ry .  
g l t i t u d e  of maximum h w i l l  be: 

The time of f l i g h t  at t he  

c 

- 
;- 

fime Tmax, as w e  see, does not exceed two minutes. 

For t h e  value vmax = 680m/sec and 01 = 4S0 w e  obtain Tmax = 98 see. * 

4.5 . I 

The 

I. 
I- 

!- L 

the  f l i g h t  of a r t i f ic ia l  ea r th  s a t e l l i t e s ,  i . e . ,  d i r e c t l y  under t he  actual  '1 

p 

I The long term conditions o f  weightlessness can be created only during 

-- .. r c n  Izndi t ions  of cosmic f l i g h t .  >!&. :A. a" ,- 



Creation o f  Artificial Gravitation 
- - -  . 

-- 
can be created,  f o r  a l l  p r a c t i c a l  purposes, only by imparting a r o t a t i o n a l  

f gotion t o  the  spacecraf t .  
from the  axis of ro t a t ion ,  t h e  s'ens:ati'on::of:.?'nosmal weight'' w i l l  correspond t o  
the condition au2 = g. Assuming t h a t  acceptable working conditions can be 
provided f o r  the  cosmonaut with t h e  p a r t i a l  r e s to ra t ion  of  weight, w e  w i l l  
Broceed from the dependence am2 =ag, where 01 < 1. 

--Z balance f o r  the  creat ion of a r t i f i c i a l  g rav i ta t ion .  

Under the  conditions of cosm&c3 fl-i:gh-t:., a r t i f i c i a l  weight (grav i ta t ion)  

If t h e  cosmonaut i s  thus loca ted  a t  a dis tance a 

Let us evaluate  t h e  energy 

- 
- Let Q be t h e  weight of  the spacecraf t ;  
- d i s  diameter; 
- p the  radius  of ea r th  i n e r t i a  r e l a t i v e  t o  the  axis of ro t a t ion ;  - .  - _ -  I a the d is tance  of  the cosmonaut from the  ax is  of ro t a t ion .  

I 

f i c  t h r u s t  of  P 
A r o t a t i o n a l  moment M i s  created by two so l id- fue l  t h rus t e r s  with a spec i  

When the  th rus t e r s  a r e  located a t  a dis tance of 
d- SP - 

. - ~ - 2. from t he  ax is  of  r o t a t i o n ,  we hav-e the;TeI-at-ions 

-- 
25 Assuming Q = 5000 kg, d = Sm, p = 0.35d, a = 2m, ci = 0.5,  and P = 200 sec ,  

SP i 
I we f ind  t h a t  qfe = 4 . 8  kg. - 

L Thus with the  expenditure o f  5 kg of fue l  i t  i s  poss ib le  t o  c rea te  the  

minated p r i o r  t o  reent ry  it w i l l  be necessary t o  c rea t e  the  opposite r o t a t i o n a l  
moment by burning t h e  same amount of fuel, i . e . ,  about 5 kg ( fo r  ci = 1,  

!<e 
Certain Problems of  Dynamics Under Conditions o f  A r t i f i c i a l  G r a v i t a t i o n  

.C, bondition of a r t i f i c i a l  g rav i ty  i n  a 5-ton spacecraf t  f o r  t h e  e n t i r e  durat ion 
-.'d sf the  f l i g h t  of t h e  c r a f t .  If the  ro t a t ion  of t h e  spacecraf t  has t o  be ter-  

- 10 kg) .  
f j 

i - 
- In con t r a s t  t o  a v i r t u a l l y  constant f i e l d  of t h r u s t  a t  the  surface o f  t h e  
exr th ,  cen t r i fuga l  forces  i n  an a r t i f i c i a l  g rav i ta t iona l  f i e l d  increase 
E n e a r l y  as the  dis tance from the  axis. .o$. ro t a t ion  increases .  
the  p o s s i b i l i t y  of using mechanical instruments aboard a r o t a t i n g  spacecraf t  

Considering d 2  

- _- __ _-_------I__- .- - --.I .- 

.- _ _  



- it i s  advisable  t o  consider ce r t a in  fea tures  of the  dynamics of s o l i d  f u e l  
- under the  conditions of  a r t i f i c i a l  g rav i t a t ion .  
- these fea tures  by way o f  the  exappzlLe2o< mot 
s ta t ionary  poin t .  

- ing spacecraf t ,  and t o  consider :t.he;:cent?ifugak. and Cor io l i s  forces .  

To the  spacecraf t  we will 
G e  t h e  r i g h t  hand coordinate system OErlg(Fig. l),  where 0 i s  the  point  from 

'w of t h e  spacecraf t ,  30 = a i s  a perpendicular extending from the  o r i g i n  t o  
t h e  vec tor  c. The d i rec t ion  o f  ax is  ST-I is  c l e a r  from the  drawing. The posi-  
t'ion of mater ia l  po in t  M of t he  pendulum i s  defined by the  vect6r  radius  r: 

It  i s  convenient t o  analyze 

the  forces  o f  g rav i ta t ion  from 
n o f  a s o l i d  body around a 

I t  i s  necessary t o  excl 
1 m e  equations of  motion, as applied t o  the  counting system r e l a t e d  t o  a revolv- 

- 
Let us first examine the  spher ica l  pendulum. 

:.I which the  pendulum i s  suspended, 05 i s  p a r a l l e l  t o  t h e  angular ve loc i ty  vector  - * .  - 

.- . .  
- .  -. 

o r  by angles a and f3 ,  which are  indicated i n  t h e  drawings. The dis tance o f  
- - point  M from t he  vector  w i l l  be . 

~ _- 

The vector  of  t he  cent r i fuga l  force o f  
i n e r t i a  i s  - .  - __.__ I.-___ _ - .  

and the  moment o f  t h i s  force  r e l a t i v e  t o  the 
o r ig in  of t he  coordinates is 

o r  f i n a l l y ,  

?lie force of Coriol is  i n e r t i a  w i l l  be:. . I. 

. /158 . -  
o r ,  -. a f t e r  expanding, .the double vector  k r i v a t i v e  - 



~~~ 

The moment of t h i s  force r e l a t i v e  t o  t h e  origin i s  

0-r 
-- 
.- 

- 
-- - 
A-fter expanding the  vector  der iva t ives  ic 7 and b x 7, we have: - 

._  

I t  i s  c l e a r  from the  las t  expression t h a t  
i n  plane <On. 

.- 
4 t o  consider the  moments $ and M given by formulas (2) and (4).  0 

= 0 when the  pendulum o s c i l l a t e s  

Thus, when studying the  motson o f  %he s p h e r i c a l  pendulum, it is  necessary 

-- 
g ? t i € i c i a l  v e r t i c a l  line 017 are shor t  tlp values of the f i r s t  order of 
Smallness a r e  a, B, iw, B, 5, 5 .  

df smallness and 2 is  the  value of the  second and h ighes t  order of smallness. 

BY discarding the  values of  the order  of smallness grea te r  than t h e  f i r s t  and 

We w i l l  no t ice  t h a t  when t h e  o s c i l l a t i o n s  of t he  pendulum near  the 

Here Mo i s  t h e  value o f  t h e  f i rs t  order 
' 

' 0 

subs t i t u t ing  - 
-- 
GG f i n d  the  equations f o r  the  o s c i l l a t i o n s  of the spher ica l  pendulum i n  t h e  

07 f i n a l l y ,  
-- 



- 
spherical  pendulum i n  t h e  equ i to r i a l  plane 501-1, where f? = 0, f3 = 0, and 
5-= 0 .  We obtain:  

We w i l l  now consider the  p a r t i c u l a r  case o f  t h e  o s c i l l a t i g n  o f  t h e  

- -  
- -- 

. .  - 

The pendulum completes i t s  harmonic o s c i l l a t i o n s  with the  period: 

- 
- I  

If we s e l e c t  w from t h e  condition aw2 = g, t h e  period of o s c i l l a t i o n  - -  - -  
of t h e  pendulum under t h e  conditions of a r t i f ic ia l  grav i ta t ion  w i l l  coincide 
with the  per iod of  i t s  o s c i l l a t i o n  a t  t h e  surface of t he  ear th:  

When the  point  o f  suspension i s  located on the  ax is  of  ro ta t ion  (a = O), 
The pendulum then does not  complete i t s  harmonic o s c i l l a t i o n s .  

We w i l l  now examine t h e  case where t h e  pendulum o s c i l l a t e s  i n  t h e  ax ia l  
e . .  

i -  - _. - - __- - .- _ .  _ _  - _  - _ _  
- plane 501-1. - - . - - _- - 

/159 -- - Then Q: = O,& = 0, and 5 = 0.  The equation f o r  t h e  o s c i l l a t i o n  of t h e  
pendulum becomes : . .  

- -  - 
. 
&an t h a t  i n  the  e q u i t o r i a l  plane.  

Thus t he  per iod of o s c i l l a t i o n  of t h e  pendulum i n  the a x i a l  plane i s  l e s s  
The d i f fe rence  Teq - Tax w i l l  decrease 

1 

wtth a reduction i n  the  r a t i o  - . -  . -  --, .- 
- We w i l l  now consider t he  case of  th.e motion of  a s o l i d  body around a 
Kt-ationary poin t ,  s p e c i f i c a l l y ,  ro t a t ion  a t  angles 01 and f3 (Fig. 2) where 
the body does not  revolve around ax is  Zc. 



. 

For t h e  purpose of computing the  elementary 

moment-s:-d&?- arid. & we may use formulas (2) - (4).  

Let us turn  oy r  a t t e n t i o n  to the  r i g h t  hand coordi- 
0 0' 

m.cxyz-, which i s  r e l a t e d  t o  t h e  s o l i d  
2): -  &e-'will place t h e  o r ig in  o f  the  

coordinates a t  the  center  of t he  mass o f  t h e  body 
and w e  w i l l  d i r e c t  axis y along 

OC = 2 

t h e  vector  
* -  

and ax is  x perpendicular t o  the plane o f  
C 

. ~ i - 
._ Figure 2 .  

angle B such t h a t  Oxl lO5 for a = 0 .  We w i l l  assume 
G a t a x e s ,  
coordinates 5, T-I, and r, through x ,  y, and z: 

exyz are the  pr inc ipa l  axes of  i n e r t i a .  We w i l l  then express t h e  

d 

. .  
_. - ._ -.,. . . .  . . -  . - .  . . _ -  

. -  . 

Erom expression (21 w e  find: 

-- 
By..s.ubstituting the-yalues-o.f-E, 
pr inc ipa l  and cent ra l  a x i s  of h e r t i a  

n ,  and-  c from (7) , considering ._that for Lh-e- 

-I 

-- 
-_ 
- 
1- - 

-. - 
-I 

.w.e f ind:  
c- 
32 -- 

From expression (4) we have for the  moment o f  t h e  Coriol is  force:  - 
1 

.--. 

. . . . . . . ._ . 
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After  s u b s t i t u t i n g  the  values o f T h e F d 5 n a t e s  
Till have: __ 
.. 

c' 

/ 160 

-. Final ly ,  we w i l l  examine the  p a r t i c u l a r  case of the  oscil1a:ion o f  t he  
physical pendulum i n  the  e q u i t o r i a l  plane.  In t h i s  case 13 = 0 ,  f3 = 0 and 
5 ,  = 0, 

-,- - - _  - 
4 .  - .  ti!' =. Q ~ ~ ~ ~ ~ ~ ~ : ~  -.- - a l ~ ) ~ E z r ~ ~  slll ?, 

- - -  . - -  - - -  - /I&:(-). - --- _-. - 
.__.  -- 

EGuation __ for o s c i l l a t i o n  w i l l  have the  form: 
. r e  _ _  

i2ci -2 - aw?tn,i, sin z. , - _ - - _  - __  _. - - .__ .- 

ficwever, i n  the  case of small o s c i l l a t i o n s  
.- 

; T  
- 2  _- 

J32 analyzing the o s c i l l a t i o n s  i n  the  ax ia l  plane(a  = 0, b = 0, and Sc = 0) w e  

- .. . 



- "  . _ _  

Eor small angles B the  equation f o r  the o s c i l l a t i o n s  of the  physical pendulum 
-- w i l l  be - - .--_ $ A- '2 

rz ' - I m J r  (cz-.j- I,.) i- I-- - lY] 3 1= 0, 
_- 

If the support of the  physical pendulum passes through i t s  mass center, then,  
-in cont ras t  t o  t h e  o s c i l l a t i o n  o f  the 
f i e l d ,  i n  t h i s  case we have 

pendulum i n  a constant grav i ta t iona l  

i-.e., the  physical pendulum, suspended from t h e  mass center ,  is i n  a s ta te  of 
invar iab le  equilibrium only when Iz = I 

where t h e  axis o f  ro t a t ion  o f  the  pendulum, which passes thxough its mass 
center, i s  i t s  axis -of- sypunetry. 
when B = 0 s t a b l e  equilibrium w i l l  occur only when Iz > I 

This corresponds t o  the  condition 
Y' 

_ _  - I t  is- cl-ear fr-om_zexpres-sipn--(lO). t h a t  
i . e . ,  t h e  pendulum 

Y' 
has a tendency t o  be determined by the  long s i d e  along t h e  a r t i f ic ia l  v e r t i c a l  
On. 
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